A soil survey using a portable radon monitor employing semiconductor alpha spectroscopy has been performed on a large scale to determine the distribution of radon in soil in Zhuhai City, Guangdong Province. The survey with 469 sample sites covered an area of more than 100 km 2 . The average soil radon concentrations at a depth of 0.6 m were 55:94 AE 58:54 kBqm À3 in the Zhuhai Urban Area (ZUA) and 7:14 AE 8:75, 37:64 AE 25:92, and 151:25 AE 196:23 kBqm À3 , respectively, in the Quaternary sediment, mixtures of sediment and weather grain of granite, and weathered granite in Doumen District. The areas with high radon potential were located within areas of biotitic granites and new developing industrial districts, as indicated by a strong correlation between the radioactivity level and geological lithology. The mean radon concentration in ZUA is about ten times higher than those in Guangzhou City, Quanzhou City, and Jinjiang City. The results show that the Zhuhai area has a higher radon potential, and protective measures against radon should be considered.
I. Introduction
In recent years, radon risk mapping has been conducted based on radon gas concentration and permeability of soil in Germany and the Czech Republic. 1, 2) In Ottawa, Canada, radon and soil gas permeability measurements were conducted at 32 sites across the five most populated communities where indoor radon measurements were available for 167 houses. The study determined that the average soil radon potential index in a community area correlated with the indoor radon potential (the percentage of homes with above 200 Bqm À3 ) in that community. 3) Therefore, the radon concentration in soil gas is an important parameter for mapping the radon potential in a country.
Zhuhai Area is one of the areas in China with the highest background radiation. The ratio of indoor air-absorbed dose rate to outdoor dose rate is 1.43. 4) The average EEC Rn is 52:9 AE 39:1 Bqm À3 for dwellings 5) and the level of indoor radon in Zhuhai City is over three times higher than the worldwide average value (EEC Rn is 16 Bqm À3 ). 6) The measured indoor radon concentration varies from 18 to 980 Bqm À3 based on 261 survey results using a CR-39 detector, and the radon concentration in groundwater is 1,638 Bql À1 in Zhuhai Area. 7, 8) The measured average contents of 40 K, 238 U, and 232 Th in soil or cement roads in Zhuhai City are 655 AE 338, 85:8 AE 31:6, and 159:8 AE 49:0 Bqkg À1 , respectively, as determined by in situ gamma ray spectrometry. 9) However, until now, there are no papers dealing with radon concentration in soil gas for the Zhuhai Area. Some researchers have performed such studies in Qingdao City and in other cities in China. [10] [11] [12] A soil survey with a portable radon monitor using a semiconductor alpha spectroscope has been performed on a large scale to determine the distribution of radon in soil gas for Zhuhai City, a southern Chinese city located in Guangdong Province. The research project was supported by the China Geological Survey and the National Sciences Foundation of China. The survey with 469 sample sites covered an area of more than 100 km 2 .
II. General Geology
The surveyed location is within the Zhuhai Area, between 113 10 0 -113 35 0 E, 22 04 0 -22 18 0 N. Zhuhai Area is within the Pearl River Delta (PRD), a subtropical fluvial and tidal bay-filled delta formed since the Late Quaternary period. The PRD is situated in the southern part of Guangdong Province. It has a total area of 41,600 km 2 with a population of over 25 million. The geomorphological landscape of Zhuhai Area is characterized by monadnock-erosion platform-alluvial plain.
13) The monadnock height ranges from dozens of meters to several hectometers. The regions investigated include two districts: the Doumen District (DD) in western Zhuhai and the Zhuhai Urban Area (ZUA). DD is composed of Late Jurassic biotitic-granite (J 3 ) and Quaternary middle-sized sand or silty sand and silty clayclay. Quaternary sediments are dominant in DD, and biotitic-granite rocks are distributed throughout the northwest zone.
9)
The thickness of the Quaternary sediments ranges from 0.57 to 43.82 m and the average thickness is normally from 8 to 30 m. 14) Most lands of ZUA are composed of Late Jurassic biotitic-granite and granodiorite (J 3 ). No more than 10% of the lands are covered with the Quaternary sediments, located along the borders of our surveyed zone in ZUA. There is a small N-E trending geological fault developing in the northwest of ZUA. The Banzhang Hill, composed of biotitic-granite, lies in the central part of ZUA. There are many strips of lawns or borders situated along the center of the street or at the edge of a street or road.
III. Instrumentation and Methodology

Instrumentation
A portable radon monitor (FD-3017 RaA radon monitor, Shang Hai Electronic Instrument Factory, China) is used for the determination of 222 Rn concentration in soil gas for this survey. FD-3017 is an electrostatic radon monitor that consists of a radon gas probe, a manual sampling pump that is also used as a radon decay chamber (RDC), and an alpha spectroscope with a surface barrier detector (Fig. 1) . The RDC comprises a metallic cylinder of 1.5 l volume and an aluminum sheet of 35 mm diameter. A negative high voltage of 2,800 volts is connected to the aluminum sheet.
The radon gas enters the RDC via a silica gel drier of 50 ml volume, is filled with 2 mm silica gel particles. The radon in the RDC decays into 218 Po particles that deposit on the surface of the aluminum plate and the walls of the chamber. After collecting 218 Po for 3 min, the aluminum sheet is inserted into the alpha-spectroscope. The singlechannel alpha analyzer continuously collects the count produced by 218 Po and displays the integrated counts for 3 min. The radon concentration is calculated from the integrated counts.
Radon Monitor Calibration
The radon monitor system is calibrated in a national radon reference chamber 15) (NRRC) in the Radon Laboratory of Nanhua University of China, where an individual system calibration factor is derived from the reference radon concentration and the device response using the following equation:
where J is the conversion factor, in kBqm À3 cpm À1 ; A Rn is radon concentration in the NRRC, in Bqm À3 ; n is the average counts, in cpm (counts per minute).
Influence of Humidity
In order to reduce the influence of humidity on 218 Po collection, an electrostatic radon monitor normally incorporates a drier before the RDC because studies have shown a decrease in the 218 Po collection efficiency vs. humidity over the range from 10 to 90%. 16) Some experiments were performed in a radon chamber in our laboratory in order to study the correlation between relative humidity within a radon chamber and the collection efficiency for 218 Po on the aluminum sheet of the FD-3017 radon monitor. The silica gel was not changed in the drier for these humidity tests, and the radon concentration was calculated using the calibration factor of FD-3017 at 80%RH in the NRRC. Meanwhile, a set of AlphaGUARD PQ2000 PRO detector was used to the measure radon concentration in the radon chamber before and after the sampling using FD-3017. The relative humidity in the radon chamber varied from 30 to 100%RH.
The test results show that the collection efficiency for 218 Po on the aluminum sheet is relatively stable at different humidities, as listed in Table 1 , and the maximum radon concentration relative error between PQ2000 and FD-3017 is À17:9%. Two groups of comparison tests were conducted in the laboratory and in the field for the determination of variation on the efficiency of drying using a silica gel drier. One was for the determination of the absorbing water efficiency and the other was for testing the capacity of the silica gel drier for repetitive sampling use.
The first group of experiments showed that the average relative humidity of radon gas that passed through the silica gel drier dropped to about 20%RH when the relative humidity in the radon chamber varied from 40 to 100%RH. This was true for both laboratory and field tests.
In the second group of tests, the radon concentration in the radon chamber was continuously detected by using FD-3017 with a single drier without changing the silica gel when the relative humidity within the chamber was about 85%RH. The collection efficiency for 218 Po on the aluminum sheet was calculated based on the concentration in the radon chamber. The color of the silica gel remained blue during the first 15 measurements and then changed to pink little by little. Table 2 and Fig. 2 show the volume ratio of the pink portion to the original (50 ml). The average efficiency and relative error are calculated using Eqs. (2) and (3):
where E E is the average efficiency, in cpmBq À1 m 3 ; E i is the efficiency of i-th single pumping, in cpm/Bqm À3 , and
where " is the relative error, in %; E E 0 is the average efficiency of the first fifteen measurements with a value of 5:01 Â 10 À3 cpm/Bqm À3 .
The results show that the drying efficiencies of the silica gel are stable when the color of the gel remains blue. The drier must be refilled with fresh gel after about 10% of the gel particles have turned pink.
Based on this experimental data, the influence of humidity on soil gas can be ignored during measurements in the field because the color of the silica gel particles always remains blue. The regenerated silica gel particles are not repeatedly used in the field measurements.
Instantaneous Measurement of Radon Concentration
(1) Soil Gas Sampling Every soil gas sampling site was located using a portable GPS with an error of AE15 m (GPS eTrex). The site interval profile ranged from 50 to 150 m, and the distance between profiles was about 2 km in DD. The chosen site had a smooth terrain surface with homogeneous radioactivity. The situation in ZUA was very different because soil gas sampling was only performed on lawns along the street, which resulted in different site intervals between profiles. The site interval was not the same. Normally, one measurement was performed at each site. (2) Instantaneous Measurement At every sampling site, a hole was hammered to a depth of 0.6 m below ground level, and then a hollow metal probe, whose diameter was about 2 cm and whose length was about 60 cm, was inserted and perfectly sealed. 1.5 L of soil gas entered the RDC driven by the sampling pump, which was manually operated, and the average time for sampling was 30 s. Then, a sheet of aluminum plate, which was put into the RDC with electrostatic high voltage, collected 218 Po particles for 3 min. After 15 s, the alpha-spectrometer continuously collected the counts decayed from 218 Po for 3 min. The soil gas radon concentration is calculated from the average counts using Eq. (1), in which J has been determined and A Rn is the radon concentration at measured sites.
Temporal variations of radon concentration in soil are associated with water content, porosity, temperature, and so on. There has been some research dealing with radon concentration and water content, but there is no universal suitable correction approach. [17] [18] [19] We have performed radon measurements in the same season (from October to December) and avoided rainy days as well as the three days following rain to reduce the effect of water content on radon concentration.
IV. Measured Radon Concentration in Soil Gas
Statistics of Radon Concentration
Zhuhai Area radon surveys had been conducted covering an area of about 100 km 2 from October to December in 2002 (154 sample sites), with resampling at some sites from October to November in 2003 (103 sample sites). Table 3 shows the statistical values of radon concentration. The relatively high values can be caused by weathered granite congeries in ZUA. The highest difference in radon concentrations is found in the zones of the weathered granite in DD.
It was found that the distribution of radon concentration in soil gas is normal in ZUA but not in DD. The radon concentration is classified as 'medium' in ZUA, and the average value is 60:97 AE 54:02 kBqm À3 . Some radon anomalies (the highest value is 785.94 kBqm À3 ) are observed in soil gas on flat land covered with coarse gravel of weathered granite, where many factories will be constructed over the next several years. The frequency distributions of radon concentration in various sediments are shown in Fig. 3. 
Uniformity of Radon Distribution
To explore the uniformity of radon distribution, two tests had been carried out on lawns along the Yingbin North Road in ZUA. One involved repetitive measurements; soil gas was extracted many times in the same probe. The other involved multisampling in four directions (north, south, east, and west) within a distance of 1.5 to 2.5 m around the central probe. The results are shown in Table 4 .
The multisampling results show that the soil radon concentrations at most sites are relatively homogeneous, and two out of 11 sites are asymmetric because their standard deviations are above the average radon concentration, as shown in Table 4 . It shows that the soil physical parameters, such as density, grain size, permeability and water content, vary slightly. This is normal in an area of weathered granites.
In repetitive sampling tests, we repeatedly extracted soil gas in the same probe from two to four times. The radon concentration was relatively stable and standard deviation values were small, as shown in Table 4 .
Various Modes of Radon with Depth
To investigate the change in radon concentration at different depths, five sites were chosen to test the variation of measured values with depth. All the sites were located on a flat lawn. An individual measurement was conducted at a We presented the individual measurement result at each depth, which was the distance from the surface to the bottom drilled using the hollow sampling probe. There are two depth modes of ZUA shown in Fig. 4 . The first four curves from left to right are relatively homogeneous, since radon concentrations increase with soil depth. Site 818 is on the lawn of a high school in ZUA and has two soil layer structures. The top layer is weathered granite sands with high permeability and the underlying rock type is the Quaternary sediments. Therefore, radon values decrease below a depth of 0.4 m.
The fluctuation in radon concentration in the five sites, determined by instantaneous measurements, reveals that the soil composition in our radon survey region is complex. The deposition thickness of the Quaternary sediments is changeable, as well as the thickness of weathered granites.
Radon Concentration and Lithology
The average radon concentrations in soil gas are strongly dependent on lithology. Radon concentrations are generally higher than 76 kBqm À3 in the outcrops of bare weathered granites, but it changes from site to site in DD. In contrast, the radon concentration varies from 4 to 7 kBqm À3 in the area of the Quaternary sediments. The industrial development in DD has considerably changed the natural background radiation. The regions of higher radon concentrations correspond to the areas of granite monadnock and weathered granite outcrops on the geological map, as well as new developing industrial districts, shown in the northeast and southwest areas in Fig. 5(a) .
The distribution of radon shows the same pattern as that of 238 U in ZUA.
9) The zones of higher soil radon values are near Banzhang Hill and the N-E trending geological fault. The measured mean radon concentration in ZUA is obvious- 
Comparison of Level of Radon Concentration in Zhuhai City and Other Cities
About 70% of the land area in Southern China (Guangdong and Fujian Province) is covered with granitoids of the Early Yanshanian Period (Jurassic) or the Late Yanshanian Period (Cretaceous). The background radioactivity is obviously different because uranium and thorium contents change distinctly in various rocks and soils. A total of 6,154 soil radon measurements have been performed at 10 m intervals with the FD-3017 detector during civil engineering exploration after 2003 in Guangzhou City, north of Zhuhai City and within the Pearl River Delta. As can be seen in Table 5 , low radon concentrations are observed in the zones of granites, even though the uranium contents in the underlying bedrock are 249.9 and 101.75 Bqkg À1 in granite and migmatitic granite, respectively.
11) The mean radon concentrations are not more than a few kBqm À3 in all kinds of soil in Quanzhou City and Jinjiang City. The dominant intrusive rocks can be grouped into the three stages of the Early Yanshanian Period (J 3 ) in Quanzhou City and Jinjiang City, as well as in Zhuhai City, 9, 12) but the mean radon concentration in ZUA is about ten times higher than those in Guangzhou City, Quanzhou City, and Jinjiang City.
V. Conclusions
The soil radon investigation by the instantaneous measurement method has been applied in the Zhuhai Area that covered more than 100 km 2 . This area is composed of the Late Jurassic biotitic-granite and the Quaternary sediments and is within the Pearl River Delta (PRD). The distributions (a) Contour map of soil gas radon concentration in DD of radon concentration are strongly dependent on lithology. The average radon concentration in weathered granite is distinctly higher than that in Quaternary sediments; the ratio between them is about eight. The whole area of the PRD is about 415,000 km 2 and has similar geological features and climate conditions, so our research results could be used to estimate and predict the level of soil radon concentration for radon potential mapping. Based on the data from this soil radon survey, it can be concluded that Zhuhai City is one of the areas in China with À3 , respectively, in the Quaternary sediments, mixtures of sediment and weather grain of granite, and weathered granite in DD. The mean radon concentration in ZUA is about ten times higher than those in Guangzhou City, Quanzhou City, and Jinjiang City. The industrial development in this zone has considerably changed the natural background radiation, including the radon level in soil gas. A detailed protective survey against radon should be considered.
The changes in soil radon concentration with depth are closely related to geological characteristics, especially subsoil structure.
How does one perform instantaneous measurements of radon concentration in soil gas for urban areas? There are only small suitable zones for the determination of radon concentration in the urban area of a city, especially in China, because the road surface is mostly paved with concrete and bitumen. The zones along streets are lined by trees and are small and shallow; the soil may have come from other districts. The situation is very different from Europe and North America. This research is an example for coastal cities, however, more detailed investigations are still needed.
